ABSTRACT Quantitative deuterium nuclear magnetic resonance is used to study the freezing behavior of the water in phosphatidylcholine lamellar phases, and the effect upon it of dimethylsulfoxide (DMSO), sorbitol, sucrose, and trehalose. When sufficient solute is present, an isotropic phase of concentrated aqueous solution may coexist with the lamellar phase at freezing temperatures. We determine the composition of both unfrozen phases as a function of temperature by using the intensity of the calibrated free induction decay signal (FID). The presence of DMSO or sorbitol increases the hydration of the lamellar phase at all freezing temperatures studied, and the size of the increase in hydration is comparable to that expected from their purely osmotic effect. Sucrose and trehalose increase the hydration of the lamellar phase, but, at concentrations of several molal, the increase is less than that which their purely osmotic effect would be expected to produce. A possible explanation is that very high volume fractions of sucrose and trehalose disrupt the water structure and thus reduce the repulsive hydration interaction between membranes. Because of their osmotic effect, all of the solutes studied reduced the intramembrane mechanical stresses produced in lamellar phases by freezing. Sucrose and trehalose at high concentrations produce a greater reduction than do the other solutes.
INTRODUCTION
This study reports the freezing behavior of phases containing water, lipid bilayers, and solutes chosen for their relevance to cryobiology. It uses a quantitative deuterium nuclear magnetic resonance (NMR) technique, which has previously been used to study the freezing behavior of lamellar phases and the hydration forces between lipid lamellae (Yan et al., 1993; Wolfe et al., 1994; Yoon et al., 1997) . At each freezing temperature, we determine the total amount of unfrozen water and the amounts of unfrozen water present in the lamellar solution and in the bulk solution. The results are discussed in terms of osmotic effects, hydration forces, and the mechanical stresses produced within bilayers. The aim of this work is to improve the understanding of how solutes, including some of those that are accumulated by freezing-tolerant species, affect the freezing behavior of membranes and thus how such solutes reduce some types of membrane damage produced by freeze-induced dehydration.
One type of cellular freezing damage is the loss of membrane semipermeability in the dehydrated state caused by extracellular freezing (Steponkus, 1984; Steponkus and Webb, 1992; Uemura et al., 1995) . In slow freezing of biological tissues or cell suspensions, ice formation almost always occurs first in the extracellular fluid. (Biological freezing can be classified as "slow" or "fast" according to whether osmotic equilibration, which is limited by the permeation of water through membranes, keeps pace with the changing proportion of unfrozen water, which is limited by the passage of heat through the sample by conduction or convection .) Ice contains a very low concentration of solutes, so the extracellular solutes are concentrated in the remaining unfrozen extracellular water. If the plasma membrane remains intact, the cells then contract osmotically as water leaves the cell (Steponkus and Webb, 1992; Hincha and Schmitt, 1992) . At modest freezing temperatures, cells may reach water contents on the order of 10%. This has two obvious effects: 1) the remaining intracellular solution has very high concentrations of solutes and 2) the nonaqueous intracellular components, including membranes, are brought into very close proximity. These conditions often produce stacks of membranes that resemble lamellar phases. Sufficiently severe dehydration of cells that are not freezing tolerant produces a variety of different membrane deformations associated with membrane damage, including lateral phase separations and the formation of the inverse hexagonal (H II ) phase (GordonKamm and Steponkus, 1984) .
At this level of dehydration, the separation between membranes (and among other nonaqueous components) is often reduced to about a nanometer or less. In this range, the forces between surfaces are dominated by the strongly repulsive hydration force-a repulsive interaction that decreases approximately exponentially with separation, with a characteristic length of 0.2 nm and an extrapolated magnitude of tens or hundreds of MPa at zero separation (LeNeveu et al., 1977; Horn, 1984; Israelachvili and Wennerstrom, 1990; Leiken et al., 1994) . The resultant stresses and strains in membranes are anisotropic, producing thickening of membranes in their normal direction and contraction in the plane (Lis et al., 1982) . Sufficiently large stresses can cause demixing in the fluid state (Bryant et al., 1992a) , elevated phase transition temperatures and phase separations (Lis et al., 1982; Bryant and Wolfe, 1992; Zhang and Steponkus, 1996) , and inverse hexagonal (H II ) phases (Webb et al., 1993) . These anisotropic mechanical stresses and strains have been suggested as a contributing factor to the freeze-induced membrane damage listed above (Wolfe, 1987; Bryant and Wolfe, 1992; Wolfe and Bryant, 1992) .
A range of solutes, including sucrose, trehalose and sorbitol are accumulated by many freezing-tolerant species (Leopold, 1990; Lee, 1989; Ring, 1980; Rojas et al., 1986; Wasylyk et al., 1988) . Sucrose and trehalose are reported to stabilize membranes during freezing and during dehydration at room temperature (Anchodorguy et al., 1987; Sun et al., 1996) .
We studied the effects of sucrose, trehalose, and sorbitol on the freezing of model membranes. We also studied the effect of dimethylsulfoxide (DMSO), which is widely used as an artificial cryoprotectant. DMSO permeates bilayers rapidly, and we chose it also to provide an example in which the solute, as well as the water, comes quickly to equilibrium.
For model membranes we used phosphatidylcholine lamellar phases. Phosphatidylcholine is an abundant lipid in cellular membranes. Osmotic equilibration in lamellar phases at freezing temperatures is relatively slow if the lipids are in the gel phase (Yan et al., 1993) . Furthermore, the membrane lipids of organisms that survive freezing usually have lipids with low transition temperatures. For these reasons we used dioleylphosphatidylcholine (DOPC), which remains in the liquid crystal phase over a substantial range of temperatures in the freezing range (the exact amount depends on the type and concentration of solute present). We also conducted experiments with egg yolk phosphatidylcholine (EYL) to allow comparison with the results of Yan et al. (1993) .
We use quantitative NMR to determine the amount of water in the bulk solution phase and the lamellar phase and thus, by subtraction, the amount in the ice phase plus glass phases, if present (Yan et al., 1993) . Water molecules in the bulk, liquid solution phase have rapid isotropic motion and therefore give a narrow signal. This may be separated from the broader signal from liquid water molecules in the anisotropic interlamellar solution. The signals from ice and from glass phases are so very much broader than the others that they effectively form part of the baseline. In our experiments, we most frequently use D 2 O instead of H 2 O because the lipids and solutes contain many hydrogens that contribute to the observed 1 H NMR signal, and this complicates the use of proton NMR to study hydration. Klose et al. (1992) have shown that the hydration of lipids is similar for D 2 O and H 2 O, although the freezing temperatures are different for the two (D 2 O freezes at 277 K). Fig. 1 shows the two phase coexistence regimes of lipids, water and solutes, which are the main object of this study. We were unable to detect the concentration of these solutes in ice, so we assume that the ice is a pure phase. We also neglect the concentration of lipid monomers in water. At very high hydrations, a substantial fraction of the lipids may be in monomers or small micelles as well as or instead of the lamellar phase, but these compositions were not studied here either. (The possibilities of solute crystallization and solution vitrification are discussed later.)
The results reported in detail in this study are for solute: lipid ratios of ϳ0.5:1 and initial hydrations of ϳ20 waters per lipid. When such samples are well mixed, nearly all of the solute is located in the lamellar phase. As the lamellar phase is dehydrated by freezing, the concentrations rise, and so one observes the effect of high concentrations of solute. Samples with this composition always produced a small amount of bulk liquid solution phase at temperatures both above and below freezing. This is the situation shown in Fig. 1 .
Cooling of hydrated lamellar phases usually produces a bulk ice phase (Yan et al., 1993; Yoon et al., 1997) . Ice may coexist with a concentrated bulk solution whose concentration at equilibrium is determined by the temperature (freezing point depression), as shown in Fig. 1 b. The chemical potential of the water in this concentrated solution is lower than that in a lamellar phase at high hydration ( Fig. 1 a) , so some water leaves the lamellar phase. In equilibrium in the presence of pure ice, the chemical potential of water is a function of the temperature. The hydration of the lamellar phase is determined by the chemical potential of water, the osmotic effects of the solutes, the hydration properties of the lipid, and interactions between lipid and solute.
At low temperatures and high concentration of suitable solutes, it is also possible to produce glass phases. Such phases are not amenable to direct study by the techniques reported here, for two reasons. First, their NMR signal is FIGURE 1 An idealized sketch of two of the phase coexistence regimes reported here. s represents a solute molecule, the traditional cartoon figure represents a lipid, and liquid water is unshaded. At temperatures above freezing and at sufficiently high hydration, a lipid-solute-water phase may coexist with a bulk aqueous solution (a). When freezing occurs, a more concentrated bulk solution equilibrates with (solute-free) ice (b). This figure depicts a solute whose content in the lamellar phase remains constant, presumably because it does not permeate bilayers. Upon freezing, water leaves the lamellar phase by osmosis. (When the bilayers are very close to each other, they experience the hydration repulsion and the resultant compression in the plane that is shown here.) difficult to distinguish from that of ice with the available spectrometer. Second, they are nonequilibrium phases, and so one cannot use equilibrium thermodynamics to deduce the properties of the different phases. These problems limit the extent to which conclusions can be drawn about the results obtained on some of the samples studied here at the lowest temperatures. Over most of the range studied, however, the temperature and the composition of the aqueous phases are outside the region of the phase diagram in which vitrification is reported (Green and Angell, 1989) .
Limitation of this study to the equilibrium hydration means that its implications for cryobiology are primarily for environmental freezing, where temperature changes are slow, rather than for cryopreservation. DMSO is used as a cryoprotectant in artificial cryopreservation, where cooling is rapid and vitrification is common. We included DMSO in this study, however, because we wished to make the comparison between solutes that do not permeate bilayers easily (solvent equilibration only) and one that does (in which case both water and solute may equilibrate).
MATERIALS AND METHODS

Materials
Dioleoylphosphatidylcholine (DOPC, MW 786.12) was bought from Avanti Polar Lipids, and egg yolk phosphatidylcholine (egg PC) was from Sigma. D 2 O with nominal purity 100% was bought from Sigma. Trehalose and sorbitol were purchased from ICN Biochemicals. Sucrose was bought from BDH Chemicals Australia. All were used without further purification.
Exchange between hydrogen and deuterium
Sugars and sorbitol have hydroxyl groups that can exchange protons with D 2 O. This would produce DHO and H 2 O in D 2 O. The composition of the ice and water phases might be different, and so the unfrozen fraction could not be accurately determined. To minimize this effect, the exchangeable protons were replaced with deuterons. The solutes were dissolved in excess D 2 O. The ratio of the number of OD groups of D 2 O molecules to exchangeable OH groups of the solutes was 10. The solution was dried in the oven until the crystal form of the solutes was obtained. This procedure was repeated. After two repetitions, we expect 99% OH-OD replaced solutes. All of the normal solutes used in D 2 O solutions in the work reported here are hydroxyl group deuterated solutes. It is not easy to determine directly the extent to which the OD groups of the solutes contribute to the narrow NMR signal. One way of so doing is to compare the standard freezing point depression curves measured for sucrose (a widely studied solute) with those obtained here. These agree well if it is assumed the OD groups of the solutes do not contribute to the "NMR visible" signal, because of the slow exchange and/or molecular rotation in the viscous solution. We return to this point in the Discussion.
Samples and measurements
Two methods were used to prepare EYL samples. The lipid was purchased dissolved in chloroform and methanol. In the first method, ϳ2 ml of solution (containing ϳ200 mg of EYL) was dried in a stream of dry nitrogen to remove most of the solvent, then placed in a desiccator with P 2 O 5 . The pressure in the desiccator was then reduced by vacuum pump for 12 h, at the end of which the EYL formed a fine powder. The desiccator was opened in a nitrogen atmosphere, and ϳ50 mg of lipid was then transferred to an NMR tube. An appropriate amount of aqueous solution was added to the sample, which was then weighed. The sample was temporarily sealed with a plastic cap and removed from the nitrogen atmosphere.
In the second method, the lipid solution was transferred directly to a preweighed NMR tube that was placed in a desiccator with P 2 O 5 . The pressure in the desiccator was then reduced by vacuum pump for 12 h, at the end of which the EYL formed a fine powder. Aqueous solution was added in an amount determined by weighing, in the laboratory atmosphere, before temporary sealing. The exposure to the atmosphere lasted less than 1 min, and we expect that the adsorption of water from the air by the sample in the NMR tube was insignificant. The hydration behaviors of samples produced by the two methods were indistinguishable.
DOPC was purchased as a powder, and samples were prepared in the second manner described for EYL. Because the exact amounts of lipid and solution are known only after weighing, it is not possible to produce samples with exactly the same composition. In all cases the sample composition is well known, however, and the variations in composition among samples do not hinder the analysis of results.
The temporarily sealed tubes were centrifuged at ϳ1000 ϫ g. The bottom of the tube, containing the sample, was then frozen in liquid nitrogen. The other end was quickly flame sealed to produce a size appropriate (ϳ20 mm long) for NMR measurement while keeping the sample end frozen. After sealing, samples were mixed by further centrifugation for several hours with intermittent reversal of sample orientation, and by several cycles of freezing and thawing.
For solution samples without lipid, ϳ50 -100 l of solution was added to a preweighed NMR tube that was then reweighed. The sample tube was then frozen and flame sealed as described above.
The samples were first cooled to 253 K to initiate crystallization of water and allowed to equilibrate at least for 30 min. Measurements were usually carried out during warming, with occasional returns to lower temperatures to ensure that there was no thermal hysteresis apart from supercooling. The sample equilibration at each successive temperature was monitored. In most cases, 20 min of equilibration per 1 K increase in temperature was sufficient to ensure that the signal amplitude did not change appreciably with time. At some temperatures the signal was monitored for several hours after this equilibration, and no further changes were observed. The process is described in more detail by Yan et al. (1993) and Yoon (1996) .
Quantitative NMR
A Bruker MSL 200 spectrometer operating at 30.720 MHz was used for the NMR measurements. A cooling system using evaporating liquid nitrogen as a coolant gave temperature control with a precision of 0.1 K. The method was previously described by Yan et al. (1993) , and further details are given by Yoon (1996) . The spectral width was adjusted usually in the range of 2-40 kHz, depending on the type of samples used. The typical /2 pulse length was ϳ8 s. Data file size was chosen to be between 4 K and 8 K. The number of acquisitions was typically 64 to 256. The recycle time between subsequent acquisitions was usually ϳ1-3 s.
The temperature sensitivity of the induction coil and associated electronics was calibrated by measuring the total signal in samples that do not freeze over the range of the experiment. Perdeuterated methanol was used for one calibration. Pure D 2 O was used over a limited range of freezing temperatures by performing cooling experiments and recording the total signal as a function of temperature over the range of supercooling. These calibrations were consistent. The temperature controller was calibrated by measuring the melting temperature of D 2 O, which was set at 276.97 K (Weast, 1983) .
RESULTS
Quantitative NMR
The freezing behavior of solutions was determined using the method of quantitative NMR described by Yan et al. (1993) .
Representative deuterium spectra from samples containing D 2 O are shown in Fig. 2 . Fig. 2 a shows the spectrum from a sorbitol-D 2 O sample at 266 K, Fig. 2 b is that of a DOPC-D 2 O sample at the same temperature, and Fig. 2 c shows that of a DOPC-sorbitol-D 2 O sample at that temperature. The spectra obtained using other solutes in D 2 O were not very different from those in Fig. 2, a and c. The spectrum of the deuterons in ice is so broad (ϳ150 kHz) that it can be used as a baseline for the narrow spectrum (tens of Hz) attributed to the deuterons in the unfrozen water. In the case of a simple solution (Fig. 2 a) , the water is in an isotropic environment and the signal width is smallest (ϳ75 Hz). The interlamellar water whose spectrum is shown in Fig. 2 b is in an anisotropic environment that gives rise to the characteristic powder-type pattern with a broader bandwidth (Bryant et al., 1992a,b) . When lipidwater-solute samples are frozen, the spectra produced depend on the composition. If the solute content is sufficiently high, then the spectrum resembles the superposition of a narrow isotropic component and a powder-type pattern, as is the case shown in Fig. 2 c. We attribute the narrow component to water in a solution whose physical dimensions are large compared to the distance diffused by water on the NMR time scale. We attribute the broader anisotropic component to water in an interlamellar solution. This is consistent with the thermodynamic model in which a lamellar phase, a bulk solution, and ice may equilibrate at freezing temperatures (Yoon et al., 1997) , as shown in Fig. 1 . The linewidths of the narrow component were typically tens of Hz, so characteristic times were at least several ms. Taking the diffusion constant of water at 20°C ϳ2 ϫ 10 Ϫ9 m 2 s
Ϫ1
for this approximate calculation, the characteristic length of diffusion in the isotropic phase is ͌ 2D ϳ to several m. If the size of the isotropic phases were less than this, we would expect there to be an exchange of water molecules between isotropic and lamellar phases, leading to a single "averaged" lineshape rather than separate broad and narrow components. Apart from the lower approximate bound on the size, we have no information about the nature of the bulk phase. It could comprise a number of small volumes of solution surrounded by a lamellar phase. At any temperature, the free induction decay NMR signal is proportional to the number of deuterons contributing to it. Once the temperature sensitivity of the spectrometer is calibrated as described above, the number of deuterons contributing to the signal can therefore be determined. In Fig. 2 the ice signal forms the baseline, so the integral of the signal shown gives the total content of unfrozen water.
The principal aim of this study is to examine the effects of solutes on the freezing of lamellar phases. The freezing of solutions, and of lamellar phases in the absence of solutes, has been studied by other authors using different techniques and/or different systems. Nevertheless, to interpret the results of lipid-solute-water systems, it is necessary to report briefly on the freezing behavior of solutions, then on that of lamellar phases, for the components and the technique used here.
Freezing of solutions
The unfrozen water content of several different water-solute systems was measured as a function of freezing temperature; the results are shown in Fig. 3 . We also measured the liquid water content as a function of temperature for NaCl and KCl in the same way. The freezing point depression for NaCl is available in detail in standard and widely accepted tables (Weast, 1983) , and this allows us an independent A further assumption is required when considering solutes with OD groups. In solutions with high viscosities and low temperatures, the OD exchange between solute and solvent and the rotation of solute molecules are both rather slow. If this exchange is slow enough, the solute OD groups would not contribute to the narrow component of the NMR signal. In the discussion that follows, we have made the assumption that they do not contribute to the narrow component when we calculated the unfrozen water content. This assumption can be justified post hoc by comparing the freezing point depression measured here with the known values for sucrose and sorbitol. The good agreement for temperatures above 260 K suggests that this approximation is appropriate. It might be argued, however, that at high temperatures and low solute concentration, the exchange and rotation rates are sufficiently high that OD groups in the solution make a nonnegligible contribution to the narrow component of the spectrum. In this case, however, the ratio of solvent molecules to solute molecules is high, and so the error thus produced is at most a few percent.
For large regions of the solution phase diagrams, equilibrium is readily achieved. In such conditions, the known amount of solute in the sample and the measured amount of liquid water give the concentration of the unfrozen solution. Such data give solution concentration as a function of temperature and thus osmotic pressure as a function of concentration. These solution data are helpful in analyzing the effect of solutes on the lamellar phase freezing behavior. At equilibrium, the chemical potential of water in the solution equals that in the ice, and the latter is determined directly from the temperature, in this case using the empirical method of Pitt (1990) and the standard data for D 2 O (Budavari, 1987) . In these samples there are no variations in hydrostatic pressure, so the depression of the chemical potential of water is due only to the osmotic pressure of the solution.
The data shown in Fig. 3 represent values that did not change with time over several tens of minutes and showed no hysteresis in the experiments performed here. This does not necessarily imply equilibrium, because the sugar solutions may form glasses at sufficiently low temperature and low hydration. The NMR signals from ice and from a glass could not be distinguished with the spectrometer employed here, because in both cases the linewidth is too large. Green and Angell (1989) studied and summarized the vitrification data for sugars, including trehalose and sucrose. Interpolating from the data in that study on the freezing curves here, vitrification would be expected at a hydration of approximately six waters per solute for trehalose and about three waters per solute for sucrose. The viscosity varies rapidly with temperature in the region near the glass transition, but it remains large for a few degrees above the transition. In this experimental technique, stirring at low temperatures is not practical, and the magnitudes of the phases must be reasonably large (some mg) to maintain good ratios of signal to noise. Some of the lowest hydration data in the table therefore probably do not represent equilibrium. At water:solute mole ratios below ϳ8, the sucrose freezing point data differ from the activity data tabulated elsewhere (Robinson and Stokes, 1961) . For sucrose and trehalose in Fig. 3 , the lowest values of temperature and hydration therefore are probably not equilibrium values. We return to the problem of equilibrium when discussing the behavior of solute-lipid-water systems.
The freezing behavior of KCl solutions was also measured (data not shown; Yoon, 1996) . This curve resembled the NaCl curve at temperatures above 268 K, but below that temperature the amount of liquid water fell abruptly to zero. This is consistent with crystallization of KCl, leading to a system comprising solute crystals and pure ice, with no liquid solution present, as reported by Derbyshire (1982) . None of the other solutes studied here showed this behavior, and we therefore think it unlikely that any of the other solutes crystalized under the conditions studied here.
Freezing of lipid-D 2 O mixtures
Quantitative NMR was used to determine the unfrozen water content of lamellar phases in the absence of solutes, as 
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The Effects of Solutes on Hydrationdescribed by Yan et al. (1993) . Fig. 4 shows the amount of liquid water as a function of temperature for three D 2 O-DOPC samples with different total hydration. The vertical axis is expressed as the number of liquid water molecules per lipid, which we call R, and so the curve can be read as hydration per lipid as a function of temperature. The total hydration of each sample (R T ) is shown as the plateau on each curve where all of the water in the sample is liquid. Alternatively, if one rotates the figure by 90°, it can be read as freezing point depression as a function of composition. Note that, in these samples, the total water content of the initial sample makes no difference to the hydration at freezing temperatures: samples with higher water content simply have more ice present in a bulk ice phase. The unfrozen water is in equilibrium with a pure, macroscopic ice phase, and so the hydration of the lamellar phase is a function only of the chemical potential of water, and thus of the temperature. trum shows a narrow peak centered on a broad powder spectrum. The narrow peak is very well fitted by a Lorentzian lineshape that has been superimposed upon the signal in the figure. It closely resembles the narrow signal measured in the solute-D 2 O samples (see Fig. 2 a) . We attribute this narrow Lorentzian signal to D 2 O with rapid isotropic motion in a bulk solution with dimensions of at least several m as described previously. If this Lorentzian peak is removed, the broad powder spectrum closely resembles the spectra obtained from lipid-water samples (Fig. 2 b) , and we attribute the broader signal to D 2 O in the lamellar phase. Again, the integral of this combined signal is assumed to be proportional to the number of deuterons contributing to it, and the total amount of unfrozen water at any temperature is thus determined. No attempt was made to fit the broad powder spectrum. In the absence of a Lorentzian peak, the broad powder spectrum was simply integrated. The powder spectrum was always broader than the narrow central peak, and the baseline for the Lorentzian fit was made by interpolation. This and the fitting process itself introduce an error of a few percent in the integral for the isotropic phase. This integral is then subtracted from the total integral to give the contribution from the anisotropic (lamellar) phase. Because the isotropic component is only several percent of the total integral, the errors in the Lorentzian fit have little effect on the calculated hydration of the lamellar phase.
Freezing of lipid-solute-D 2 O mixtures
In these experiments, the temperature was changed between measurements as rapidly as the control system (Yan et al., 1993) would allow, which usually meant ϳ0.01-0.1 K s Ϫ1 . They were usually made in the direction of increasing temperature, with occasional returns to lower temperatures to check that there was no hysteresis. In response to a sudden change in temperature in the freezing range, the hydration of the lamellar phase changed rapidly over the first few minutes. After a time that varied from several to 40 min, there was no further change in the intensity of the liquid water signal over several hours. Except in the cases where the composition was such that vitrification might be expected, we regard this change in hydration as due to the equilibration of water among the lamellar phase, the solution phase, and the ice phase. Fig. 5 shows the amount of unfrozen water in bulk solution and in the lamellar phase as a function of temperature for four typical samples of DOPC-solute-D 2 O, where the solutes are DMSO, sorbitol, sucrose, and trehalose. In all of these samples, a small bulk solution phase was present at all temperatures. The total amount of unfrozen water is also shown. In all cases they are expressed as number of water molecules per lipid molecule. On the same graphs, we also show for comparison the number of water molecules per lipid in samples of DOPC-D 2 O, without solutes. In addition, we know the number of waters per solute at any temperature for a sample without lipid (Fig. 3) . In all cases the sum of the hydration of the solutes (measured without lipids) plus the hydration of the lipids (measured without solutes) is larger than the observed hydration of lipids plus solutes, although the difference is smaller in the case of For all three samples, there are measurements at 1 K spacing from 257 to 277 K. When ice is present, however, the three curves overlap. This supports the interpretation that the unfrozen interlamellar water is in thermodynamic equilibrium with the pure ice phase.
sorbitol. In all cases, the hydration of the lamellar phase including solutes is higher than that without solutes in the high-temperature region. The presence of DMSO and sorbitol in the lamellar phase increases the hydration for all temperatures. Sucrose and trehalose increase the hydration of the lamellar phase at warm freezing temperatures (or high hydration) and make little difference at low temperature (or low hydration).
The samples whose results are reported in detail in this paper have total hydrations of ϳ20 waters per lipid and solute:lipid ratios on the order of 1. This implies solute concentrations in excess of 1 M above freezing temperature, and greater still at low temperatures. At solute concentrations much less than 1 M, the lipid-solution samples behave like the lipid-water samples in Fig. 4 . In samples that have high hydration, a bulk solution forms which, above freezing, includes most of the solute and most of the water. When such samples are frozen, most of the solute remains outside the lamellar phase, giving rise to a relatively large unfrozen bulk solution phase. This makes it difficult to analyze the water content of the lamellar phase with precision. We return to this point in the Discussion.
DISCUSSION
Composition of phases and solute partitioning
Composition is described with the following notation. The total mole ratio of water to lipid in the sample is called R T , and the mole ratio of solute to lipid is S. The mole ratio of 
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The Effects of Solutes on Hydrationliquid water to lipid is R, which is less than R T when ice or a glass is present. Where glasses are not present, the average composition of the liquid aqueous phase(s) can be represented by S/R, but the compositions of the interlamellar solution and of the bulk solution phase (where present) are not necessarily equal. The total amount of liquid water (Fig. 5 , empty circles) may be decomposed into the isotropic water component (Fig. 5, filled triangles pointing up) and the anisotropic narrow band component (Fig. 5, filled triangles pointing  down) by calculation of the integral of the fitted Lorentzian and that of the remaining spectral components (see Fig. 2 ). We identify these as the water in liquid bulk solution and the liquid water in the lamellar phase and show them separately in Fig. 5 . Fig. 5 also shows the hydration as a function of temperature for lamellar phases of DOPC containing no solutes (lower dashed line). Comparing these, we see that, at any given temperature, the hydration of the lamellar phase is nearly always greater in the presence of solutes. For DMSO and sorbitol, the increase is a few water molecules per lipid over the whole temperature range studied. The presence of sucrose and trehalose increases the hydration of the lamellar phase at high temperatures (high hydration), but makes little difference at low temperatures (low hydration). Fig. 5 also shows the behavior of the bulk solution phase that coexists with the solute-lipid-water phase. In these experiments, we measured the water content of the bulk solution phase (filled triangles pointing up), but we did not measure the solute content directly. For each of these solutes, we do know, however, the concentration of a bulk solution in equilibrium at any temperature (Fig. 3) . For each solute, the continuous lines in Fig. 5 represent the behavior of a solute/water system measured for each temperature. In Fig. 5 , a-c, these lines are the data of Fig. 3 multiplied by a constant to allow comparison with the measured water content of the bulk solution (filled triangles pointing up). In the case of sucrose, the points and the line agree within the precision of the measurements. In other words, the water content of the bulk solution phase (filled triangles pointing up) is proportional to the hydration per solute (continuous line) measured in the absence of lipids. This simply indicates that the number of sucrose molecules in the bulk solution phase does not change with temperature, which is consistent with the expectation that these relatively large molecules do not readily permeate the bilayers. In the case of trehalose, one cannot simply make such a comparison because, for the lowest temperatures and highest concentrations, the data in Fig. 3 probably do not represent equilibrium at the lowest hydrations. In Fig. 5, c and d , the hydration of bulk sucrose solution and that of the bulk trehalose solution (filled triangles pointing up) are close to proportional over the range above 259 K. A possible explanation is that trehalose does not permeate the bilayers and so the quantity in the lamellar phase is conserved, and that the trehalose and sucrose solutions have somewhat similar hydration behaviors in this case. For the calculations used hereafter, we shall assume that the quantity of trehalose in the lamellar phase is conserved, i.e., that trehalose does not permeate. (The continuous line in Fig. 5 c, which fits the measured data within the accuracy of the measurements, is the hydration of sucrose from Fig. 3 multiplied by a constant.) For DMSO and sorbitol, the solid line does not fit the data, so the amount of these solutes in the bulk solution phase is not conserved. Because DMSO permeates bilayers easily, it is expected to approach equilibrium distribution between bulk solution and lamellar phase at freezing temperatures. (Some DMSO may also be present in the hydrocarbon region of the lamellae, but we do not expect this component to be large.) In contrast to the behavior of sucrose, the water contents of the bulk solution phase for DMSO (filled triangles pointing up) increase more rapidly with increasing temperature than does a curve proportional to the data of Fig. 3 (continuous line) . Thus the number of DMSO molecules in the bulk solution phase increases with temperature. We argued above that no pure solute phase formed for DMSO or sorbitol over this range of temperatures. Furthermore, there is no expectation that a glass would form at least in the high-temperature range of the data. It follows that an increase in solutes in the solution phase implies that the number of solutes in the lamellar phase decreases with increasing temperature. This is readily explained by the high permeability of bilayer membranes to DMSO. As the temperature is decreased, more water is turned to ice. Because of the strong hydration of the bilayers, relatively little of this water comes from the lamellar phase. The concentration of the bulk solution increases in the manner determined by the freezing point depression behavior of DMSO (Fig. 3) , and so the concentration of the bulk solution increases more rapidly than that of the interlamellar solution. DMSO can permeate the bilayers, and so it can partition into the lamellar phase. Thus, even though a small amount of water leaves the lamellar phase as the temperature falls, the concentration of DMSO in the bulk phase is greater than that in the interlamellar solution, and so some DMSO permeates and diffuses into the lamellar phase. Conversely, as the temperature rises and ice melts, the bulk solution becomes more dilute than the interlamellar solution, so with increasing temperature, DMSO leaves the lamellar phase to join the bulk solution, and this produces a higher total amount of unfrozen water in this phase (filled triangles pointing up) at high T than one would expect if DMSO were conserved in the phase (continuous line).
For the concentration and temperature range in which neither solute crystals nor glass forms, the data in Fig. 5 further allow us to calculate the number of solutes present in the lamellar phase. At equilibrium, the water content of the bulk solution at any temperature gives the number of solutes in the solution from Fig. 3 . Subtracting this from the total number of solutes gives the number of solutes in the lamellar phase. For sucrose, the number is approximately independent of temperature. For DMSO and for sorbitol to a smaller extent, the calculated number of solutes in the lamellar phase increases at lower temperatures, which is consistent with the partitioning argument made above. For sucrose, the calculated ratio of solutes to lipids in the lamellar phase is approximately constant, which is consistent with the expectation that sucrose does not permeate the bilayer membranes, and that it would be much slower to diffuse along the narrow interlamellar space, particularly at low temperatures. For the discussion of the effects of solutes on hydration (later), we assume that trehalose does not redistribute between the phases, and we therefore assume that for both sucrose and trehalose the number of solutes in the lamellar phase is independent of temperature.
We also studied the hydration behavior of samples with relatively high hydration (R T Ͼ 100) and solute:lipid ratios S from 0.3 to 2.3. These samples used both EYL and DOPC. In the results of these experiments, the total liquid water content of the sample, measured at any temperature, was equal to the sum of the hydration of a pure lipid-water sample plus the hydration of the solutes in the absence of lipids. (In the symbols of Fig. 5 , the empty circles and the upper dashed line were equal within Ϯ1, which is approximately the resolution of the measurement for samples with high hydration.) In these samples, a bulk solution phase was present at temperatures above freezing. This phase presumably contained most of the solutes. A likely explanation of these results is that most or all of the solutes remained in the bulk solution phase during freezing, and that we were measuring the total hydrations of a lamellar phase with little solute present and a bulk solution with no lipid present. For that reason, the results of these measurement are not shown here: they can be calculated from the behavior of lamellar phases without any solutes and the behavior of solutions without any lipids, both of which are shown. In all of the samples where concentrations could be determined (such as those shown in Fig. 5 ), the concentration of the interlamellar solution was lower than that of the bulk solution, which suggests that solutes may, to some extent, be excluded from the interlamellar layers. The composition of the lamellar phase appears to be dependent on the total sample hydration and possibly on the history of the sample. For this reason, we urge caution in any comparisons of the measurements made between samples with greatly differing initial hydrations.
In all of the results of Fig. 5 , the water was D 2 O and the distribution of both water and solute was determined from the D 2 O NMR spectra as studied above. It is also possible to study the partitioning of solutes between lamellar and bulk phases by deuterium labeling the solutes and hydrating with H 2 O, resolving the narrow and broad components of the deuterium signal, and attributing these to bulk and lamellar solute components, respectively (Yoon et al., 1997) . The deuterated solvent method reported here, although less direct, gives more precise data for two reasons. First, there are many fewer hydrogen atoms or deuterons in the solutes of a solution than there are in the solvent, even at moderately high concentrations. As a result, the signalto-noise ratio is smaller with deuterated solutes. Second, the deuterium NMR signal for the solute is narrower than that of the solvent, so the resolution into isotropic and anisotropic components can be made with less accuracy for solute than for solvent. Does DMSO equilibrate between the bulk solution and the interlamellar solution at low temperatures? The molecular ratio DMSO:D 2 O is lower in the interlamellar solution than in the bulk solution for all temperatures. This could be explained by excluded volume effects (discussed later), by an attraction between lipids and water stronger than that between lipids and DMSO (see Appendix), or by disequilibrium of DMSO between the two phases. Without further information, we are unable to answer this question.
Hydration force, solute osmotic effects, and their interaction
The results shown in Fig. 4 (lamellar phase with no solutes) are readily explained in terms of interlamellar forces, and indeed this technique may be compared with the osmotic stress technique of Parsegian and co-workers (LeNeveu et al., 1976) . Liquid water in a lamellar phase at low hydration has low chemical potential. In the osmotic stress technique, the lamellar phase water equilibrates with a solution of known osmotic pressure at room temperature. In our experiments, it equilibrates with ice at known temperature. The hydration of lamellar phases is usually analyzed in terms of the forces per unit area acting between lamellae at a distance equal to the separation between interfaces (LeNeveu et al., 1976) . (The way in which the lower chemical potential is described is to some extent a matter of definition. In an alternative picture, one could define an energy of hydration of the lipids that is a decreasing function of distance from the lipid headgroup. We use this formulation in the Appendix because it is helpful to treat the differential interaction of lipids with solutes and solvent. In the absence of solutes, the two pictures are physically equivalent in a simple way: the pressure in the former picture equals the derivative of the energy of hydration with respect to partial molar volume of water in the latter picture. The hydration force is, however, a helpful and widely used concept, and so we use that accounting in the main text of this paper. It is worth pointing out that the very large suctions implied by the hydration force do not cause cavitation: the water is between two highly hydrophilic surfaces, and its thickness is smaller than the critical radius for cavitation.) When water has equilibrated between ice and a lamellar phase containing no solutes, the chemical potentials i and w are equal, so i ϭ w ϭ w o ϩ Pv w where w o is the standard chemical potential of water and v w is the partial molecular volume of water. v w is assumed to be approximately equal to its bulk value, and the difference ( i Ϫ w o ) is determined by the temperature. Thus the hydrostatic pressure P can be readily calculated, and mechanical equilibrium requires that the interlamellar force per unit area F ϭ ϪP.
At small separations, interlamellar forces are dominated by the hydration force. This large, repulsive force decays approximately exponentially with hydration or with separation (Rand and Parsegian, 1989; Horn, 1984; Marra and Israelachvili, 1985) . We have previously shown that the freezing behavior of lipid-water forces is consistent with exponential repulsion between the bilayers (Yan et al., 1993) . In this study also, the hydration data for DOPC-D 2 O (Fig. 6 a) and EYL-D 2 O (data not shown; see Yoon, 1996) yield data that are well fitted by an exponential decay, i.e.,
where R is the number of water molecules per lipid, R c is a characteristic value, and F o is the extrapolated force per unit area at contact. In other studies, the hydration force is related to the interlamellar separation (LeNeveu et al., 1976; Rand and Parsegian, 1989; Horn, 1984; Marra and Israelachvili, 1985) :
where is a characteristic length. The interlamellar distance y between the density-weighted average surfaces of two adjacent lamellae can be calculated from the solute and solvent contents of the interlamellar solution, their partial molar volumes, the area a o per lipid in the plane of the bilayer, and the area elastic modulus k a (Yan et al., 1993) . For DOPC, values of and F o were calculated using a o ϭ 0.77 nm 2 at full hydration, and k a was taken as 140 mN m Ϫ1 . This conversion of the data in Fig. 6 a is shown as the dashed line in Fig. 6 b. The values obtained for F o and are sensitive to the parameters a o and v w , which are not well known under these conditions. The values (F o ,) for DOPC in this study were 2505 MPa, 0.174 nm, which are similar to the values 2523 MPa, 0.183 nm, obtained by Ulrich et al. (1994) . The differences shown by these comparisons may therefore be the result of the differences in the techniques and the assumptions made in the calculations, as well as of the differences in temperature.
Effect of solutes
In the case of the lipid-water-solute system, the low chemical potential in the extralamellar bulk phase can be balanced by both a combination of the suction between the bilayers and the osmotic effect of the lamellar solutes. We can write the equilibrium of water among ice, bulk solution, and interlamellar solution (as shown in Fig. 1 
where aЈ w and a w are the activities of water in the bulk solution and the interlamellar layer, respectively. As above, we continue to treat P as the hydrostatic pressure in the interlamellar solution, and we regard the term kT ln a w as being due to the osmotic effect of the solutes in that layer.
(If the solutes did not penetrate into the lamellar phase, then the equation at right would be w o ϩ kT ln aЈ w ϭ w o ϩ Pv w , whence p ϭ (kT/v w ) ln aЈ w . In this case the experiment would resemble the osmotic stress technique (LeNeveu et al., 1976) . The presence of solutes in the interlamellar solution complicates the interpretation of P.) In other words, the effect of the bilayers on water is to reduce P, and the effect of solutes is to reduce a w . It is convenient here to introduce the water potential ⌿, defined by Slatyer (1967) as ( Ϫ o )/v w , where v w is the partial molecular volume of water. The volumetric modulus of water is ϳ200 GPa, and so the partial molecular volume is little changed by pressure changes much smaller than this. Making this approximation, Slatyer rearranges the terms in the expression for the chemical potential ϭ o ϩ kT ln a w ϩ Pv w to give
where ⌸, defined by this equation, is the osmotic pressure.
(The osmotic pressure here means the pressure difference that would have to be applied between a solution of that FIGURE 6 (a) The negative water potential (⌿ ϵ ( Ϫ o )/v w )) in MPa as a function of hydration for DOPC/D 2 O with no solutes. In the absence of solutes, this equals the hydrostatic pressure in the interlamellar layer, which is equal in magnitude to the force per unit area between the bilayers. The dotted line is an exponential fit to the data of Ulrich et al. (1994) . In b the ordinate is still Ϫ⌿, but the abscissa has been converted to interlamellar separation. composition and pure water to bring them to equilibrium. (It is called "osmotic potential" by some authors to make it clear that it is not necessarily equal to the hydrostatic pressure.) According to this convention, widely used in plant biophysics and water relations, a solution of a given composition has a given osmotic pressure, independent of the phase with which it is actually equilibrated, if any. When two solutions with different osmotic pressures ⌸ 1 and ⌸ 2 are equilibrated, the hydostatic pressure difference between them is ⌸ 1 Ϫ ⌸ 2 . Some authors redistribute components of P and ⌸ into another component called the matric potential, especially in the case of dissociating surfaces. Such an accounting unnecessarily complicates the analysis of cases such as this (Passioura, 1980) .) Fig. 6 b shows the water potentials as a function of interlamellar separation for samples of lipid plus each of the four solutes studied. The interlamellar separation in DOPC-D 2 O at the same water potential is plotted for comparison. In the absence of solutes, Ϫ⌿ is equal to the (repulsive) force per unit area F between lamellae, and the DOPC-D 2 O data (dashed line) show the exponential decay characteristic of the hydration force. For all solutes and for all ⌿, the intermembrane separation is increased by the presence of solutes. The increase is greater for a greater concentration of solutes in the lamellar phase.
⌿ lamellar , the water potential of the water in the interlamellar layers, has two components. P lamellar is its hydrostatic pressure and is equal to Ϫ1 times the force per unit area between the lamellae. ⌸ lamellar is the osmotic pressure due to the presence of solute in the lamellar phase. The bulk solution phase has zero hydrostatic pressure and osmotic pressure ⌸ bulk . Equilibrium between the water in the bulk solution and the interlamellar layers may then be written as
The above equations are tautologies unless ⌸ lamellar and P lamellar or F can be determined. For a lipid-water system, ⌸ lamellar (as defined here) is zero, so in that case the interlamellar repulsion per unit area equals the osmotic pressure in the bulk phase. For a system with solutes, ⌸ lamellar cannot be determined directly because P is unknown. To calculate ⌸ lamellar is not simple, because these solutes do not distribute uniformly between lamellar phase and bulk phase and because they do not show simple osmotic behaviours. The lipid and solute might be said to be competing for waterindeed, that is a simple interpretation of Eq. 5 and the data in Fig. 5 . The difficulties in calculating ⌸ lamellar make the determination of P lamellar difficult. Nevertheless, it is useful to discuss the effects of solute on the P lamellar in terms of the osmotic behavior of the lamellar solutes, using the number of solutes in the lamellar phase as determined above, and using simple models for ⌸ lamellar . The data for this model are the solution data in Fig. 3 and the concentration of solutes in both extralamellar solution and the lamellar phase, determined as described above.
When solutes are added to lipid-water systems, the results of measurements made using this technique and the different techniques mentioned above do not change in the same way. In the osmotic stress technique, the controlled and measured stress variable is the osmotic pressure of the extralamellar solution (Leikin et al., 1994) . When permeating solutes are used, this is not simply related to the interlamellar force because of the effects of solutes in the lamellar phase. That is also true in Fig. 6 : the vertical axis can be read as interlamellar force per unit area only in the absence of solutes. In the surface forces apparatus (SFA), on the other hand, the interlamellar force is measured directly, and the technique is not usually sensitive to osmotic effects. In the SFA, both the reservoir solution and the layer of water between the approaching bilayer surfaces have, over most of the range, the same composition. Composition differences and osmotic effects are possible in the SFA, however, when the separation between the approaching bilayers becomes comparable to the size of the solute. Pincet et al. (1994) reported hysteresis in the force-separation behavior that was consistent with solutes being excluded from the region of close approach between bilayers. In SFA experiments, and in the absence of an attraction between the solute and the bilayer, the interlamellar solute concentration would therefore decrease at small separation, whereas in the method used here, and possibly in the osmotic stress technique, the solute concentration would rise as water is removed. Comparisons among the methods therefore must be made with caution.
A simple model
To study the effect of solutes in lamellar phases, we find it conceptually useful to divide the effect into two components: a purely osmotic effect, similar to that shown in Fig.  3 and relatively similar for different solutes, and specific effects, which may differ among molecules according to how they interact with lipids and how they compete with lipids for water. We treat the interlamellar layers as a solution and the lamellae as rigid, macroscopic walls subjected to a repulsive force acting at a distance, and we make severe simplifications to obtain the osmotic pressure in the solution. We have also used a more complicated model in which the hydration interaction between lamellae and water is treated explicitly, and which gives similar results (Appendix 1).
The hydrostatic pressure equals the negative of the interlamellar force, which, at low hydration, is dominated by the exponentially decreasing hydration force (Rand and Parsegian, 1989; Marra and Israelachvili, 1985) . Thus for low hydration we substitute (Eq. 1a) into (Eq. 2) to write
where the activity of water is written as the product of the number fraction of water X w and the activity coefficient ␥.
The presence of any solute reduces X w . If the solute had no effect on F o , R c , and ␥, then the presence of any solute would lead to a greater value of the lamellar hydration R. In the alternative formulation of Eq. 1b, this would correspond to an increase in the interbilayer separation y. We call this the purely osmotic effect . Note that the proportional increase in y would be generally larger than that in R because of the molecular volume of the solute. The solute might also have effects on F o , R c , and ␥. These may differ, in principle, among solutes, and we call these specific effects. To put this another way: the purely osmotic effect occurs because any solute increases the mixing entropy of water, this is balanced by an increase in pressure (here a decrease in suction), which means a smaller hydration force and therefore greater hydration or separation. Solutes may also have specific effects on the energy of interaction between lamellae, or between lamellae and water. If they decrease the magnitude of either of these interactions they reduce hydration, and conversely. How is the osmotic effect of the solutes related to the concentration of the interlamellar solution? The data in Fig.  3 allow us to calculate an osmotic pressure ⌸ for a bulk solution of given composition: the temperature gives the chemical potential of water (using the method of Pitt, 1990) , and for bulk solutions the hydrostatic pressure is zero, so the osmotic pressure is just
The interlamellar solution is not a bulk phase, of course. The solute molecules are not very far from the walls of their container, and this must affect their spatial distribution and their orientation at small separation. A typical interlamellar separation is 1.5 nm, whereas a typical solute dimension is 0.3 nm. In this simple model, we set the concentration of solutes at zero in a layer of thickness ␦ adjacent to each interface. Let the number of water molecules in this layer be h per lipid, where h ϭ a␦/v w , and a is the interfacial area per lipid. We assume that the partial molecular volume of water is equal to its bulk value. For the intervening layer of thickness y Ϫ 2␦, we set the concentration constant in this model (but see also Appendix 1 for an explicit treatment of concentration variation). The number of solutes in this layer is known, and the number of waters is just the total hydration minus the number in the excluded layers. We then set the osmotic pressure of the interlamellar solution equal to that of a solution with this composition. The osmotic pressure is calculated by interpolation from Fig. 3 at high hydration, and by using the empirical fits shown in Fig. 5 for low hydration. This model is, of course, very simplistic. The restricted volume of the interlamellar layer must also limit the rotational motion of the solutes, and this may affect the entropy of the water and thus the osmotic pressure. We do not think that the severity of other approximations and the precision of the available data justify a model with independent, disposable parameters.
How should one choose ␦ or h in this model? Rather than fit them to the data, we attempt to estimate the effect of excluded volume. If the solute molecules were hard spheres, then they would be unable to come closer to the wall of their container than one radius. A sphere with the same volume as a DMSO molecule has a radius of 0.14 nm; for sorbitol the value is 0.17 nm (neither molecule is spherical, of course, but this argument is for estimation only). Choosing ␦ Х 0.16 nm gives h Х 4. Note that the excluded volume effect on solute-solute interactions is not included explicitly in the model because it is already present in the measurements of freezing point depression of solutions. Sucrose and trehalose have approximately twice the volume, and so (making again the crude approximation of hard spheres) the value of ␦ would be ͱ 3 2 greater, which gives h Х 5. To apply this model, we subtract the h "inaccessible" waters from the hydration per lipid, and this hydration, plus the number of solutes per lipid, gives the average composition of the interlamellar layer without the hard-sphere exclusion layer. Interpolation of Fig. 3 and the curves in Fig. 5 give an estimate of the osmotic pressure ⌸ for the solution. The hydrostatic pressure P is then ⌿ Ϫ ⌸, and the interlamellar repulsive force per unit area is F ϭ Ϫ⌿ ϩ ⌸. Fig. 7 shows the nonosmotic effect of the solutes on the hydration interaction, where the osmotic effects have been calculated as described above. For DMSO and sorbitol, the resulting curves show only a modest difference from the hydration force measured in the absence of solutes. For sucrose and trehalose, the hydration force is comparable at high hydration, but is substantially reduced at low hydration. In this figure the abscissa is lamellar hydration R, and so the appropriate statement of the hydration force law is Eq. 1a. If one used separation y as the abscissa (hydration law 1b), then the effect of all solutes would appear greater because of the volume of the solutes. Equations 1a and 1b are both empirical laws. In most studies to date, the volume of interlamellar solutes has been small, and the difference between the two formulations is rarely discussed .
The data in Figs. 6 and 7 suggest that very high concentrations of trehalose and sucrose cause a specific decrease in the hydration force between bilayers, when expressed in terms of hydration. All of the solutes, when added to the lamellar phase, bring in extra water because of their purely osmotic effect. But, in the same or larger mole fraction as DMSO and sorbitol, sucrose and trehalose increase the hydration of the lamellar phase by a smaller amount. Over most of the temperature range investigated, sucrose and trehalose exert a higher osmotic pressure than do the smaller solutes at the same mole fraction (Fig. 3) ; so, for any given chemical potential, they would be expected to bring more water from purely osmotic effects alone. Figs. 6 and 7 suggest that these solutes may reduce the hydration repulsion by several MPa or more at low hydrations. To the extent that this simple model represents the osmotic effect of solutes in a lamellar phase, one may interpret our results thus: the effects of sorbitol and DMSO on the hydration of lamellar phases is due primarily to their osmotic effect and the effect of excluded volume, and relatively little specific effect on the interbilayer forces need be invoked to explain their effect on hydration. The effects of trehalose and sucrose also have a large osmotic effect, but a simple model of their osmotic pressure substantially overestimates their effect on lamellar phase hydration. If one uses such a model, then their specific (nonosmotic) effects can be treated as a substantial reduction of the hydration force at sufficiently high concentration (i.e., several molal or more). These concentrations correspond to high volume fractions, and it is possible that the structure of water, which is proposed to explain the hydration repulsion (Kjellander and Marčelja, 1985a,b) , is considerably disrupted. Pincet et al. (1994) measured the effect of DMSO, sorbitol, and trehalose on the force of interaction between DOPC surfaces in the surface forces apparatus (SFA), in which osmotic effects can only arise at separations of a fraction of a nm. These authors found little effect of DMSO, sorbitol, and trehalose on the interbilayer force, although DMSO did affect the membrane structure. The concentrations they used (1.5-2 M) were similar to the smallest values in Fig. 7 , and at the smallest values in Fig. 7 (the greatest hydration) there is the least or zero effect. Moreover, Pincet et al. reported results consistent with the exclusion of solutes at close approach (an effect that would follow from an excluded volume model as used here), so the effective concentration at close approach would have been lower. In the experiments reported here, the concentration increases at close approach, as it might do in some cases in vivo.
Intramembrane stresses
From the force per unit area on the bilayer and the separation, the lateral stress it experiences can be calculated from the condition of mechanical equilibrium for the case where the interlamellar layer supports no anisotropic stress (Wolfe, 1987) . The lateral stress in the lamellae cannot be measured directly, but the strain it causes (the thickening of the bilayer in the normal direction and the contraction in the plane) has been measured by x-ray diffraction on dehydrated lamellar phases (Lis et al., 1982) . We express the stress as the lateral pressure or force per unit length in the plane of the bilayer: Fig. 8 shows the lateral stress as a function of tempera- ture, using the data in Fig. 7 . In all cases, the calculated lateral stresses are reduced by the solutes, but the reduction is greater for sucrose and trehalose at low hydration. These calculations assume that the interlamellar layer is still liquid and therefore cannot support an anisotropic stress. Zhang and Steponkus (1996) point out that a vitrified interlamellar layer can support some of the lateral stress, and so the lateral stress in the lamellae is less than that calculated according to Eq. 8. In the lowest temperatures shown in Fig. 8 and for sucrose and trehalose, it is possible that the viscosity was high enough to invalidate the assumptions of hydraulic equilibrium and of isotropic stress, and so the values of lateral stress shown in Fig. 8 may be overestimates in these cases.
Implications for cryobiology
The substantial reduction in lateral pressure, both by osmotic effect and by apparently specific effect, has important implications for cryobiology, and for the phase behavior of lipids. Increased lateral pressures increase the temperature T m of the L ␣ -L ␤ transition because of a two-dimensional version of the Clausius-Clapeyron effect Zhang and Steponkus, 1996) . Furthermore, the internal mechanical stress might, for some membranes, be relaxed by topological changes, such as those observed in freeze-damaged cells by Steponkus and co-workers (Gordon-Kamm and Steponkus, 1984; Uemura et al., 1995) . Thus all solutes should limit the dehydration-induced rise in T m and the tendency toward topological freezing damage. In the absence of vitrification, sucrose and trehalose should be more effective than DMSO or sorbitol at reducing the rise in T m . It should be noted, however, that the results shown in Figs. 5-8 were obtained only in samples prepared with rather low initial hydration of the lipids, and that this resulted in high concentrations of solutes (several molal) in the lamellar phase at freezing temperatures. In samples with high initial hydration, the effects of solutes on the freezing behavior of the lamellar phase were too small to be measured with this technique. The results of Pincet et al. (1994) were consistent with an exclusion of solutes when intermembrane separation became sufficiently small. Our results are also consistent with such an exclusion in that all preparation techniques produced a solution phase whose concentration was higher than that of the interlamellar solution (Figs. 3 and 5) . It is plausible that the highly hydrophilic headgroups exclude solutes and that, under many conditions of sample preparation, the concentration of solutes in the interlamellar layer is low. The concentration of such solutes in the regions of closely stacked membranes in cells dehydrated by freezing is unknown.
Thus the distribution of the solutes, especially of poorly permeating ones, is a key issue, and comparisons of the effects of different solutes should be attempted only when the intermembrane concentration of the solute can be determined. If the solutes are excluded from lamellar phases in model systems or membrane-rich regions in biological systems, then they may remain excluded after freezing and have little effect. If, on the other hand, they are constrained to remain in high concentration in a system with low hydration, then their effects, especially their purely osmotic effect, may be substantial, as was the case here. The effect of vitrification is also a key issue for two reasons. First, a vitrified or very viscous solution may not come to equilibrium, and so the osmotic dehydration may be substantially less than that predicted by equilibrium models as used here. Second, the vitrified phase may itself support an anisotropic stress, so that the lateral stress in the membrane may be reduced. These aspects are treated elsewhere by other authors (Koster et al., 1994; Zhang and Steponkus, 1996; Zhang and Steponkus, manuscript in preparation) .
CONCLUSIONS
At freezing temperatures, DMSO redistributes between the lamellar phase and a coexisting bulk solution phase when present. Sucrose does not redistribute over times of up to several hours. In samples prepared with high initial hydration, solutes had little or no effect on bilayer freezing, possibly because they are excluded from the lamellar phase. In samples prepared with low initial hydration, high concentrations of all solutes studied were present in the lamellar phase, and all four solutes increased the hydration of that phase at high freezing temperatures. For sorbitol and DMSO, the increase was about what one would expect from their purely osmotic effect. For sucrose and trehalose, the purely osmotic effect was dominant at concentrations less than several molal. At concentrations of several molal, these solutes increased the hydration by an amount substantially less than would be expected from considering only their purely osmotic effect, as calculated by the simplest model. This may be interpreted as a reduction in the repulsive hydration interaction between membranes at very high volume fractions (ϳ50%) of solute. All solutes reduce the intramembrane lateral stress via the mechanisms discussed by Bryant and Wolfe (1992) . Sucrose and trehalose at very high volume fractions produce a greater reduction than that produced by the other solutes.
APPENDIX: EFFECTS OF HYDRATION FORCE ON SOLUTE DISTRIBUTION IN INTERLAMELLAR LAYERS
To analyze the effect that hydration forces may have on the spatial distribution of solute and solvent in a lamellar phase, one may ascribe a hydration energy to each water molecule in the vicinity of an interface. Because this energy will vary with position, the hydrostatic pressure P in the water must be allowed to vary with position in the vicinity of the interface (Demoiseau and Wolfe, 1988) . Water molecules are regarded as incompressible and having volume v. The sizes of solute and solvent molecules are assumed to be much smaller than the interlamellar separa-the absence of explicit solute-membrane interactions, is to exclude solutes from a region near the bilayer surface where ͉Pv s ͉ տ kT, i.e., with a thickness of order ln(P o v s /kT). For typical values of the parameters, this length is comparable to solute dimensions, and so its effect may be included, to first order, in the excluded volume effect discussed in the main text.
The model presented in this appendix may be extended, however, to include putative explicit interactions between the solute and the bilayers, even though the available data are not yet sufficiently explicit to test it. Let the energy of this interaction decrease exponentially with distance from the surface. The characteristic length could once again be set at , using the argument that this force is mediated by water, and so ought to have the same characteristic length. Let it have a strength ␤ per molecule, where ␤ is positive for repulsion and negative for attraction toward the bilayer. 
